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Abstract-The transport of large, blood-borne molecules across arterial walls probably 
plays an important role in the genesis of certain diseases, such as atherosclerosis which 
affects the intimal layer of arteries. This report describes a simple mathematical model 
to represent the steady-state diffusive and convective transport of nonreactive mac- 
romolecules across a slab of vascular tissue consisting of multiple contiguous layers. 
The model is used to generate the predicted transmural chemical activity distribution 
[a(x)] of such molecules across examples of the two major classes of arteries (elastic 
and muscular) for assumed values of blood pressure (P) and selected constitutive prop- 
erties (e.g.. diffusivity) of each layer. The transport properties of the endothelial and 
internal elastica layers of an artery are shown to play particularly important interactive 
roles in the accumulation of large molecules in the intimal layer, the site of atheros- 
clerosis. The computed O(S) demonstrate that the intimal cl(a) of such molecules is lowest 
for the normal case when the endothelial gap fractional area (a,,,,) between endothelial 
cells is assumed to be zero, increases significantly when all of the endothelial cells are 
removed (IX,,,, = I), and paradoxically assumes an even greater value, which exceeds 
that of the blood, for an intermediate range of (Y,,,, values. The pathophysiologic im- 
plications of these observations are discussed briefly. 
1. INTRODUCTION 
It is the purpose of this study to describe the steady-state transmural arterial accumulation 
of macromolecular particles under conditions of combined diffusive and convective trans- 
port to illustrate the interactive nature of the lining layers of an artery with respect to 
these transport processes. An artery is usually composed of several histologically distinct 
contiguous tissue layers. Referring to Fig. I, these layers are: 1) the endothelium, a mon- 
olayer of endothelial cells that covers the vessel luminal surface: 2) the intima, a tissue 
layer of variable thickness consisting of smooth muscle cells, connective tissue, and matrix 
material; 3) the internal elastica, a fenestrated sheet of elastin; 4) the media, which is the 
thickest layer of the wall consisting of smooth muscle cells, connective tissue, and matrix 
material, and finally, 5) the adventitia, the outermost layer consisting of loose connective 
tissue containing a vasa vasorum capiliary bed and a lymphatic drainage system. The first 
three layers are of particular interest in the pathogenesis of atherosclerosis, the leading 
cause of death in the United States[l]. 
Atherosclerosis is a disease process in which the accumulation of large molecules (such 
as lipoproteins, viruses, immune complexes, etc.) in the intimal layer is assumed to be 
the initiating, if not major propagating factor, in the genesis of this important disease[2- 
101. Since direct experimental access to the intimal layer is severely limited by present 
methodologies, mathematical modeling would seem to be a useful adjunct tool for ex- 
ploring new approaches to this serious, multifacted disease process. A preliminary math- 
ematical model to help study certain aspects of aberrant mass transport in this disease is 
presented below. The model describes the steady-state chemical activity distribution or. 
* Presented at the Fifth lnternatlonal Conference on Mathematical Modelling. July N-31. 1985. University 
of California, Berkeley. 
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Fig. 1. Diagrammatic representation of histologic layers of an arterial wall. Layer I, the “endothelium.” is a 
monolayer of endothelial cells separated by gaps. Layer 2, the “intima,” normally is a thin layer of gelatinous 
matrix containing occasional smooth muscle cells, variable amounts of collagen. and elastic fibers. Atheroscle- 
rosis is characterized by a massive proliferation of the smooth muscle cells, matrix, collagen, and elastic fibers 
of the intima in association with the deposition of large amounts of cholesterol-rich lipid debris. This increased 
intimal mass causes the endothelium to bulge into the vessel lumen as an elevated plaque called an “atheroma,” 
the lethal lesion of atherosclerosis. Layer 3, the “internal elastica.” is a fenestrated sheet of rubber-like con- 
nective tissue called “elastin.” This layer is most prominent in the “muscular” class of arteries (see text). 
Pathological evidence suggests that the internal elastica acts as a significant barrier to the transport of large 
molecules. Layer 4. the “media,” consists microscopically of repeating layers of smooth muscle cells and 
connective tissue. The media is normally the thickest layer of the wall. Layer 5. the “adventitia” (Adv.1. is a 
poorly defined outer layer of the wall that contains a vasa vasorum capillary bed and a lymphatic drainage 
system. The numbers across the bottom of the diagram refer to layer number, and the X axis is shown extending 
from x = 0 at the endothelial surface to x = H (cm) at the media-adventitia junction. 
if desired, the concentration distribution of plasma macromolecules across the contiguous 
tissue layers described above as a function of blood pressure (P), the properties of each 
layer, and, in particular, the fractional areas of intercellular gaps in the endothelial surface 
and fenestra (openings) in the internal elastica. 
2. DESCRIPTION OF THE MODEL 
2.1. Dej?nitions and mathematical hackground 
The X axis of a Cartesian coordinate system is assumed to be perpendicular to the 
endothelial surface and to traverse all layers of the tissue system, as indicated in the lower 
portion of Fig. 1. A subscript “4?” will be used to identify the particular layer being 
considered. Solute and water fluxes are assumed to be unidirectional along x. Since vas- 
cular tissue is a microscopically heterogeneous composite material consisting of cells and 
connective tissue embedded in a tissue-gel matrix, special definitions, which are detailed 
elsewhere[l I, 121, are used to specify mass transport in terms of the experimentally ob- 
servable, locally averaged concentration (c(, nmol cm mm3), chemical activity (N(, nmol 
Arterial transmural transport 355 
cmP3), and solute flux (Jc , nmol cm-’ set ’ ). Similarly, the associated transport pa- 
rameters (e.g., diffusivity) are represented as the appropriate “apparent” or spatially- 
averaged values, as explained more fully in the following section of this report. Although 
the main purpose of this article is the study of cl(x) and uf (x), these depend on the 
processes associated with the solute flux (JO. Therefore, the relationships that relate flux 
to the arterial accumulation of solute will be described first. 
The net rate of accumulation of a particular molecular form in a small region around 
a point x is expressed by the equation of mass balance (EMB). In the absence of binding 
and other nontransport processes[l2]. the EMB equates the temporal rate of change of 
concentration at a point x to the net rate at which the molecular form of interest flows 
into the small region around x. For one-dimensional flux along .x, the EMB may be ex- 
pressed by 
dc,idt = -(aJ,/ax), (1) 
in which cc(nmol cm-‘) is the vol ume-averaged tissue concentration of the molecular 
form of interest, t(sec) is time, and Jl(nmol cm-’ see-’ ) is the area averaged solute flux 
at x (cm). Equation 1 is independent of the physical properties of the system. In contrast, 
the equation representing the relationship of the flux (JO to the diffusive and convective 
forces depends uniquely on the molecular form and the local properties of the tissue 
through which the flux is passing. For simplicity, it will be assumed that the locally 
averaged parameters that describe the tissue properties are uniform within the layer, but 
can vary from layer to layer. In this situation, the simplest relationship [e.g., see Eq. 1Oa 
of ref. 121 of the solute flux (Jf) to chemical activity (a() or to concentration (co may be 
written as 
Je = -Df(aaflax) + Ffuf, (2) 
or as 
Jf = -DC (2) (2) + Ff (2) 3 (3) 
in which D((cm’ set !) is the area-averaged iffusivity [aiDi in ref. 121, F,(cm set ‘) is 
the convective velocity for the chemical activity, and Ef is the distribution coefficient for 
the solute in the &h layer. The first term on the right represents the diffusive flux and 
the second term represents the convective flux in these two equivalent forms of the flux 
relationship. 
To obtain an equation for the chemical activity distribution across the &h layer, first 
substitute Eq. 2 into Eq. 1, next carry out the indicated differentiations to get the equation 
of mass balance for the layer as 
$; = Df (2) - Ff (2) , 
and then solve Eq. 4 for its steady-state solution to get 
(4) 
(3 
in which &(cm) represents the location along the segment of the .r coordinate system in 
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the cth layer extending from the luminal border (& = 0) to the abluminal border (5, = 
HO of the layer, are is the chemical activity at .& = 0, a iH is the chemical activity at .& 
= Hr , e is the base of natural logarithms, and Pet is the Peclet number for the layer which 
is defined by 
Pet = Fc Hc ID, . (6) 
in which Ht(cm) is the thickness of the layer. 
An expression for the flux (JO corresponding to Eq. 5 may be obtained by substituting 
Eq. 5 for a into Eq. 2 and (since a/&r = ai@) carrying out the indicated differentiation to 
get 
Ff 
Jf = (, _  efJc,,) . (U~H - he PC, 1. 
Note that J( is not a function of r; (or x) which simply reflects the steady-state assumption 
for the layer. This also implies that the flux across each layer is the same. i.e., 
J(J-,, = J( = J(~+I), (8) 
which provides a necessary relationship from which the boundary values, utH and <zrg, 
may be inferred for each layer as described subsequently. 
Concentration (not chemical activity) is the variable that is usually measured. Com- 
paring Eqs. 2 and 3, it can be seen that the chemical activity is related to the corresponding 
concentration at a point by 
in which, as noted earlier, E( is the local tissue distribution coefficient. It can be seen 
from Eq. 9 that if Eq. 5 is multiplied through by the distribution coefficient (~0, one 
obtains 
e i’r,(@lJi,) 
c(S)c = (‘to 
_ ePrr 
, - ePel (IO) \ 
in which c(t)( is the corresponding concentration distribution across the &h layer, and 
the constants, c(() and c’(H, are the concentrations at the luminal and abluminal borders 
of the layer, respectively. Similarly, the flux (see Eq. 7) becomes related to concentration 
by 
Jr = Fc 
~(1 - e”“) . (c.f~ - cf0e 
PC < 1 (II) 
Thus the chemical activity distribution across each layer can be calculated from Eq. 
5 and the corresponding concentration distribution from Eq. 10, provided one is given or 
has other relationships from which the respective boundary values, CI;() and LI(~ in Eq. 5 
or c’(() and ctfI in Eq. IO, may be calculated. If these boundary values are not given (which 
will be the usual case for the boundaries between layers), formulae may be obtained from 
the assumption that flux and chemical activity must be continuous across the boundaries 
of a layer. Equation 8 may be used to represent the continuity of flux. The continuity of 
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357 
aJ?H = a(P+l)O, (12) 
in which the subscript, W, indicates the abluminal extreme of the 4th layer and (4 + I)0 
indicates the luminal extreme of the (e + I)th layer. In the case of an n-layered model, 
Eqs. 8 and 12 provided two independent relationships for each layer, which were used 
to eliminate the J[ and @H terms from the corresponding set of n, Jc equations (Eq. 7). 
This resulted in a set of (n - 1) simultaneous linear equations in aye and the (known) 
transport parameters (plus the two extreme boundary values, a0 at the endothelial surface 
and aH at the opposite boundary). This system of equations was solved for the (n - I), ueo 
values using a matrix inversion routine on a VAX 1 l/750 computer. The corresponding 
aeH values were calculated from the resulting ueo values, using Eq. 12. 
2.2. Relationship of parameters to tissue properties 
As noted earlier, applications of this model that are of particular interest are studies 
of mechanisms to explain a preferential accumulation of macromolecules in the intimal 
region, the region between the endothelial layer and the internal elastica layer (see Fig. 
1). As implied earlier (and described more fully elsewhere[l2]), mass transport in com- 
posite materials such as tissue systems may be described by apparent (spatially-averaged) 
parameters that take into account the different flux paths through the component phases 
of the composite. Use of apparent parameters simplifies the problem to one of transport 
in an apparently single phase material. Although present purposes allow the intimal and 
medial layers to be treated in this manner, it will be useful to consider the endothelial 
and internal elastica layers to have two phases. In the case of the endothelial surface, 
flux may pass through the cells and through parallel interstitial paths between the cells. 
Similarly, in the case of the internal elastica, flux may pass through the elastic plates and 
through parallel paths of the fenestra in the elastica plates. Tissue layers of this type may 
be conceptualized as having one phase consisting of objects such as endothelial cells or 
elastin plates, which will be called the “e” phase, and a second phase consisting of the 
gelatinous tissue matrix between such objects, which will be called the “m” phase. As 
shown elsewhere [Appendix A of ref. 121, under certain conditions (which are satisfied 
by the model assumptions described earlier) the apparent diffusivity (DC), distribution 
coefficient (~0, and convective velocity (Fe) for a multiphase tissue layer may be ex- 
pressed as simple functions of the parameters describing the component phases in the 
layer. Under the conditions described in Appendix A of the present report, it is shown 
that, for a two-phase tissue layer, D r, Q, and Fe may be expressed as follows. 
An apparent diffusivity (De) for the simple two-phase layer is shown in Appendix A 
(Eq. A2) to be given by 
De = [(I - a,)D, + ~Dmle, (13) 
in which CL,,, is the fractional area perpendicular to the X axis that is occupied by the 
matrix (m) phase [and thus (1 - OL,) is the fractional area for the other phase], D, is the 
diffusivity of the e phase (endothelial cells at the endothelial surface or elastin plates in 
the internal elastica), and D, is the diffusivity of the m phase (tissue matrix between these 
objects) in the &h layer. 
Similarly, it is shown in Appendix A (Eq. A3e) that an apparent distribution coefficient, 
Q, may be written 
(14) 
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in which l c and em are the distribution coefficients for the e and m phases, respectively, 
in the &h layer. 
Finally, it is shown (Eq. A4e in Appendix A) that an apparent convective velocity, Fe, 
may be written 
in which fAe and .fAm are the solute retardation coefficients and K,,, and K,,[cm2 see- ’ 
(mmHg)-‘1 are the hydraulic conductivity coefficients for the e and m phases, respec- 
tively; Pe(mmHg) is the pressure drop across the eth layer, and He (cm) is the corre- 
sponding thickness of the layer. The Pe in Eq. 15 may be obtained from 
Pe = (JvlKurWu, (16) 
in which J,,(ml cmm2 set-‘) is the water flux across the arterial wall (which for the steady 
state is also equal to that across each layer), and K,e is the apparent hydraulic conductivity 
coefficient (sum of the two parallel area averaged conductivity coefficients) for the &h 
layer, i.e., 
Kue = [(I - am)Kw + ~mK,le. (17) 
Finally, J,, is obtained from the total pressure drop (P) across the system which is the 
sum of the pressure drops across each layer. For an “n” layer model, this would be 
(18) 
Substitution of Eq. 17 for K,e in the last term on the right of Eq. 18 and solving for J, 
gives the desired relationship 
(19) 
To summarize, Eqs. 13-19 define the parameters for each two-phase layer in the model. 
These mathematical forms allow study of the changes in transport that occur with changes 
in the relative amount of each phase in a particular layer. The values of the apparent 
parameters (De, Q, and Fe) for Eq. 5 or 10 may be calculated with Eqs. 13, 14, and 15 
for each layer from a given set of parameter values (a,e, Dre, D,e, ~,e, E,,,e, fAee, fAme, 
K Kume, vee, and He) and the transmural pressure, P. Layers which are to be considered 
simple single phase systems (in the present case the intima and media) are accommodated 
in these equations simply by setting o,,,p = 1 and assigning the corresponding set of area- 
averaged parameter values to the m phase. The sets of parameter values for each layer 
plus the two boundary values, a0 (the chemical activity in the plasma at the endothelial 
surface) and aH (the chemical activity in the interstitial fluid of the adventitial tissue 
spaces), are sufficient to specify the entire model. 
3. ASSUMED INPUT VALUES FOR MODEL 
3.1. Choice of boundary values 
In accordance with the above, we consider, in what follows, the predicted chemical 
activity distribution [a(x)] of macromolecules, such as cholesterol-carrying, low density 
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Fig. 2. Diagrammatic representation of the boundary conditions for a multilayered vessel wall extending from 
x = 0 to Y = N (cm). PO is the blood pressure acting on the endothelial surface (s = 0). and PH is the interstitial 
tluid pressure acting at the media-adventitiajunction (.u = H). a~ and u~are the corresponding chemical activities 
at .Y = 0 and .r = H. 
lipoprotein (LDL) molecules. across a vessel system like that shown in Fig. 1 and more 
schematically in Fig. 2. Referring to the two liquid phases on either side of the diagram 
in Fig. 2, the pressures, PO and PH, and the chemical activities, u. and do, of the liquid 
phases that are in contact with the blood-endothelial (.x = 0) and media-adventitia (x = 
H) boundaries, respectively, are assumed to be known and constant. The transmural 
pressure (P) that appears in Eqs. 18 and 19 is the difference between the boundary pres- 
sures, PO and PI{, i.e., P = PC, - PH. Since PH is small compared to PC,, Pcan be considered 
to be the blood pressure. In the examples to be presented, it will be assumed that P = 
100 mmHg. 
The chemical activity (Q,) acting at the blood-endothelial boundary may be assumed 
to be constant and independent of the molecular flux across the interface in a stirred 
(flowing) liquid phase. The chemical activity (rrn) at the other boundary also may be 
considered to be constant and normally is significantly lower than the chemical activity 
in the blood. Measurements of LDL-like concentrations in lymph (principally interstitial 
fluid) from muscle (rabbit leg) suggest that the ratio of a H to uIo ranges around 0.2[13]. In 
the examples that are to be presented, aHluo will be assumed to be 0.2. 
For present purposes, only two types of arteries will be considered, an “elastic” artery 
and a “muscular” artery. Both types of arteries are of interest; elastic arteries are much 
less susceptible to atheromatous intimal disease than are muscular arteries; moreover, 
the internal elastica tends to be vestigial or absent in most elastic arteries, whereas it is 
usually a fully developed, fenestrated, elastin membrane in muscular arteries. Although 
elastic arteries tend to have a larger diameter and thicker wall than muscular arteries, 
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Table I. Parameter values for elastic artery 
Values 
Parameter 
Layer 1 Layer 2 
Endothelium lntima 
Layer 3 
Internal Elastica 
Layer 4 
Medid 
0.0005 
o+ I.0 
0.3498 x 10 ” 
0.1 x IO ’ 
0.01 
I.0 
0.52 x IO -I” 
0.101 x 10-x 
0.0010 0.0005 
I.0 I.0 
0 0 
0.1 x 10.’ 0.241 x IO- 
0 0 
I .o 0.6 
0 0 
0.101 x 10-H 0.101 x IOmH 
0.0300 
I .o 
0 
0.241 x IO y 
0 
0.6 
0 
0.101 x IO x 
Boundary values: P = 100 mmHg; tr~/u,~ = 0.2. Parameter units: H, (cm): D,. and D,,, 
km’ set -‘): KC,,. and K?,,,, [cm’ set-’ (mmHg)-‘I; cy,,,, .fAr, and.fA,,, (nondimensional), 
there is considerable overlap in these dimensions. For comparative purposes, we shall 
consider transport of LDL-like molecules across stylized elastic and muscular arteries 
that have equal wall thicknesses and that differ only with respect to the properties of the 
internal elastica layer. Since elastic arteries only have a vestigial internal elastica, this 
layer will be assumed for simplicity to have the same properties as the medial layer in 
the elastic artery model. In contrast to this, the muscular artery will be assumed to have 
a fully developed, internal elastica layer between the intimal and medial layers. The sets 
of parameter values for each layer in the elastic artery are summarized in the columns of 
Table 1 under the names of the layers as indicated. Similarly, the set of parameter values 
for the muscular artery appear in Table 2 and, as noted above, differ from those in Table 
1 only in column 3 (the internal elastica). 
Virtually no data exist to describe the transport of LDL-like particles through the 
various tissue layers of an artery. The parameter values chosen in Tables I and 2 to 
describe the diffusivity (D,. and D,,,) and retardation coefficients (fAl, and fA,,,) for these 
particles should be viewed as educated guesses based on various extrapolations from 
other data (e.g., refs. 10, 12, and unpublished observations). Similarly, the values for K,, 
and Ku,,, were extrapolated from the data of Vargas et al.[ 141 for the endothelial layer and 
Harrison and MassarollS] for the other layers. Accordingly, the values in these tables 
are appropriate only for present illustrative purposes. The 0 -+ I .O entry for (Y,,,~ in column 
Table 2. Parameter values for muscular artery 
Values 
Parameter 
Layer I 
Endothelium 
Layer 2 
lntima 
Layer 3 
Internal Elastica 
Layer 4 
Media 
0.0005 0.0010 0.0005 0.0300 
0 -3 1.0 I.0 0. I I.0 
0.3498 x IO ” 0 0 0 
0.1 x IO_’ 0.1 x IO_’ 0.241 x IO y 0.241 x IO_’ 
0.01 0 0 0 
I .o I .o 0.05 0.6 
0.52 x IO ‘r’ 0 0 0 
0.101 x Io-x 0.101 x lomx 0.101 x 10-x 0.101 x Iomx 
Boundary values: P = 100 mmHg; a~iu,, = 0.2. Parameter units: Hc (cm); D, 
and D,,, (cm’ set ‘r: K,,. and K,,,, [cm’ set ’ (mmHg)Y ‘I; a ,,,, ,fa,,, and,fAnz (non- 
dimensional). 
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1 of Tables 1 and 2 indicates that the model will be run for this range of values, i.e., for 
values of endothelial gap fractional area ranging from total endothelial cell coverage of 
the intimal surface (a,,,, = 0) to total loss of endothelial cells (a,,,, = I). The zeros entered 
in columns 2, 3, and 4 of Table 1, as well as columns 2 and 4 of Table 2, indicate that 
these layers are being considered as single phase systems (the “m” phase), and the as- 
sociated (Y,,, = 1 entries indicate that the corresponding D,,, and K,,,, are defined as values 
averaged over a unit area. The zeros entered in column 3 of Table 2 indicate that the 
corresponding D,.3, Facd3, and Kupj are, in fact, zero for the CJ phase. This is based on the 
observation that elastin is a homogeneous, nonporous, rubber-like material. Note that the 
corresponding (Y,,~~ = 0.1 and fA,lr = 0.05 in column 3 indicate that 10 percent of the 
internal elastica is occupied by fenestra that retard the solute convective velocity to 5 
percent of that of the associated water velocity. 
4. PREDICTED TRANSMURAL CHEMICAL ACTIVITY DISTRIBUTIONS 
4.1. Elustic urterq 
For simplicity of presentation, all chemical activity distributions, m(x), will be nor- 
malized on the value, a(), at the blood-endothelial boundary (x = 0). The normalized 
steady-state chemical activity distributions [a(x)/ao] across the elastic artery for various 
endothelial gap fractional areas, (Y,,?~, are shown as the family of curves in Fig. 3A. Note 
that a(x) is sensitive to the magnitude of the fractional area of the endothelial gaps. Three 
of the curves in the figure, shown as the solid lines, are of particular interest. The lowest 
curve ((Y,,~, = 0) represents the normal endothelial surface. This curve shows that a(x) 
decreases rapidly across the endothelial layer to about 2 percent of the activity (a()) in 
the blood, remains at approximately this level over most of the media, and then rises 
rather rapidly in the region of the media-adventitia junction to the chemical activity value 
in the interstitial spaces of the adventitia, i.e., to uHluo = 0.2. The middle solid curve 
(next to the highest curve) is for the totally eroded endothelial surface (a,,!, = 1). In this 
case, the u(x) across the intimal layers rises to a maximum value at the intima-media 
junction that is about 23 percent greater than that (uO) of the blood, remains approximately 
at that value across most of the media, and finally drops rapidly to aNlaO = 0.2 in the 
region of the media-adventitia junction. Referring now to the third (highest) solid curve 
in the figure, one notes that (Y,,, is less than unity, i.e., the totally eroded surface situation 
does not correspond to the greatest u(x) that can be achieved. Paradoxically, the highest 
chemical activity is associated with an intermediate endothelial gap area which, in this 
case, IS (Y,,~ = 0.30. Therefore, the highest intimal and medial chemical activities in this 
particular elastic artery occur when about 70 percent of the intimal surface is covered 
with normal endothelial cells; the highest chemical activity does not occur when the 
endothelial surface is completely damaged (a,,,, = 1). 
4.2. Musculur artery 
The normalized steady state transmural chemical activity distributions [u(.r)/qJ] across 
the muscular artery for various (Y,,,, are shown in Fig. 3B. Comparison of these curves 
with those in Fig. 3A shows that the addition of an internal elastica greatly influences the 
shape and magnitude of the u(x) curves and, in particular, the relationship of cl(x) to the 
fractional area of the gaps between the endothelial cells, (Y,,,~ . As with the elastic artery, 
this may be seen better by referring to the three solid curves. The lowest curve in the 
figure is for the “normal” endothelial surface (a,,,, = 0). It can be seen that the chemical 
activity drops rapidly across the endothelial layer, rises slightly in the intimal layer, and 
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Fig. 3. Plots of normalized chemical activity distributions Irr(s)/cr~] versus location ts) across the wall for various 
endothelial gap fractional areas (a,,,,) in an elastic artery (panel A) and in a muscular artery (panel B). The 
corresponding parameter values are given in Tables 1 and 2. respectively. Note change of X axis scale factor 
at x = 0.002 (cm). END, endothelial layer. IE. internal elastica layer. ADV, adventitial layer. CI~/U~, is the 
normalized chemical activity at the media-adventitia boundary. 
then drops again across the internal elastica to approximately 2 percent of the activity 
(a”) in the blood, remains approximately at this value across most of the media, and then 
rises in the region of the media-adventitia junction to cr,,/m,, = 0.2. The middle solid curve 
represents the chemical activity distribution for the totally eroded endothelial surface (CL,,,, 
= 1). In this situation a(x) rises from a0 by about 30 percent at the intima-internal elastica 
junction, then drops precipitously across the internal elastica to a value ofabout 13 percent 
of LI() at the internal elastica-media junction, remains approximately at this level across 
most of the media, and the,. rises to LI~/Q, = 0 .2 at the media-adventitiajunction. Referring 
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now to the highest solid curve in the figure, which represents the a(x) for an intermediate, 
relatively small endothelial gap value ((Y,,, = 0.03), it is shown that the maximum chemical 
activity in the intimal space rises progressively to 350 percent of a0 at the intima-internal 
elastica junction, drops precipitously across the internal elastica to a value of about 30 
percent of u. at the internal elastica-mediajunction, remains relatively constant thereafter, 
and finally drops to aH/uo = 0.2 at the media-adventitia junction. 
5. PREDICTED TRANSMURAL WATER FLUX AND TRANSMURAL 
PRESSURE DISTRIBUTION 
For a given pressure (P), the predicted transmural water flux (J,) increased moderately 
with increased endothelial gap fractional area (a,,,, ). In the elastic artery with P = 100 
mmHg, J, increased monotonically from 0.25 x 10e5 ml cm--2 set-’ for (Y,,,~ = 0 to 0.32 
x IO-’ for the completely damaged surface (a,,,, = I). In the muscular artery with P = 
100 mmHg, J, increased from 0.22 x IO-’ at (Y,,~~ = 0 to 0.28 x lop5 ml cmp2 set-’ at 
%, I = 1. 
The transmural pressure distributions that correspond to the ~r,,,~ = 0, (Y,,,~ = 1, and 
%1 I = ~I?1 111.m cases (the solid curves in Figs. 3A and B) are shown in Fig. 4A for the 
elastic artery and in 4B for the muscular artery. In the case of the completely damaged 
endothelial surface (a,,,, = l), most of the transmural pressure drop occurs across the 
media. For the normal surface ((Y,,,, = 0) a significant portion (-20 percent) of the total 
pressure drop occurs across the thin monolayer of endothelial cells. 
6. DISCUSSION 
Application of the mathematical model that has been presented to the two different 
types of arteries which are described in Tables 1 and 2 predicts certain interesting dif- 
ferences in mass transport that are associated with the relative fractional areas (a,,,) of 
the endothelial gaps and the internal elastica fenestra in “elastic” and “muscular” ar- 
teries. Not surprisingly, it was shown in both arteries that the water flux across the 
endothelial surface increases moderately (-25 percent) with increasing endothelial gap 
areas from (Y,,~, = 0 (normal) to (Y,,~~ = 1 (total loss of cells). It was also shown that 
although the major portion of the blood pressure was borne by the media, in the case of 
the normal endothelial surface (a,,,, = 0) a significant portion (-20 percent) of the total 
pressure drop occurred across the thin endothelial cell monolayer in both arteries. 
The most significant difference between the model behavior for the two arteries, how- 
ever, was illustrated by the predicted transmural chemical activity distributions that are 
associated with increasing endothelial gap fractional area. This is of particular interest 
since endothelial gaps are usually assumed to be a measure of endothelial dysfunction. 
As shown in Figs. 3A and B, the model showed that the intimal chemical activity increased 
with increasing endothelial gap fractional area (a,,,,) to a maximum value, which was 
above that of the blood, and thereafter decreased with cx ,,,i to a lower value with complete 
endothelial loss (a,,,, = 1). In the case of the elastic artery, the maximum intimal chemical 
activity was about 23 percent greater than that of the blood and occurred at (Y,~,~ = 0.30. 
In contrast to this, the maximum intimal chemical activity in the muscular artery case 
was 250 percent greater than that in the blood and occurred at (Y,,,~ = 0.03. Thus, the 
paradoxical increase in chemical activity above that in the blood that was noted in the 
elastic artery is greatly amplified by the presence of the internal elastica layer and, in the 
present case, occurred when 97 percent of the intimal surface was covered by normal 
endothelial cells. Therefore the maximum steady state intimal chemical activity is not a 
monotonic function of the endothelial cell gap area but appears, at least in some situations. 
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Fig. 4. Plots of pressure (P) versus location (.u) across the wall for selected endothelial gap fractional areas (a,,,,) 
as indicated. Pressure distribution for an elastic artery is shown in panel A and for a muscular artery in panel 
B. Note change of X axis scale factor at x = 0.002 (cm). END, endothelial layer. 1E. internal elastica layer. 
ADV. adventitial layer. 
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Fig. 5. Plot showing the relationship of normalized maximum intimal chemical activity (a,,,/ao) versus fractional 
area of endothelial gaps (a,,) for an elastic (lower curve) and a muscular (upper curve) artery. 
to increase rapidly as the gap area increases from zero to some particular value 
((Yap,,,,,) and then decreases progressively thereafter with increasing gap area to a sub- 
stantially lower value with complete endothelial erosion or damage (am, = 1). 
This relationship of maximum intimal chemical activity versus endothelial gap fractional 
area for the elastic and muscular arteries is summarized by the two curves in Fig. 5. This 
plot shows more clearly that the maximum chemical activity for the muscular artery is 
much higher and occurs at a much smaller endothelial gap area than it does for the elastic 
artery. Thus it would appear that intimal disease processes such as atherosclerosis, which 
are thought to depend on the intimal accumulation of large particles, might be expected 
to occur preferentially and with greater severity in the “muscular” type of artery with 
only moderate endothelial “dysfunction.” 
7. APPENDIX A 
The purpose of this appendix is to summarize certain background details relevant to 
Eqs. 13-15, the formulae for calculation of the apparent values of De, Fe, and l p to 
represent two-phase layers. An idealized tissue layer will be assumed that consists of 
objects such as cells or elastin plates that are separated by tissue matrix material. The 
phase consisting of objects such as elastin or cells will be referred to as the “e” phase. 
The tissue matrix between such objects will be referred to as the “m” phase. The histologic 
configuration of this two-phase tissue system will be assumed to provide parallel flux 
paths in the direction of the X axis. Consider the steady-state transport of a nonreactive 
solute through a reference plane at x that is perpendicular to the X axis. The fraction of 
area on this plane that is occupied by the m phase will be defined as “a,,,” and since an 
idealized system of only two phases is being considered in the present case, (1 - am) 
will be the fraction of the area occupied by the e phase. It can be shown [see Eqs. A9a- 
AlOb in ref. 121 that, under certain conditions, such as the steady-state, nonreactive 
conditions specified earlier in this report, an apparent parameter value for a multiphase 
system is simply the sum of the corresponding spatially-averaged parameter values for 
each phase. Such spatially-averaged values may be expressed as the product of the frac- 
tional area, e.g.. a,,*, times the parameter value averaged only over the particular phase. 
Fo: example. rt is shown in reference 12 by Eq. AlOa (which was misprinted and should 
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have read aiDi = x{ c.u,D,) that the area-averaged iffusivity (aiDi = Do for the two- 
phase system assumed in the present study will be given by 
in which the subscript “L” identifies a particular phase in the &h layer, IX, is the fractional 
area, and D, is the average diffusivity within the Lth phase. In the present case, L = e for 
the phase containing elastin plates or cells and L = WI for the corresponding matrix phases. 
Thus D( will be the sum of the area-averaged iffusivities for the e phase and the m phase 
or 
DC = [(I - w,,)D, + a,,,D,,,lt 3 (A21 
in which (Y,,, is the fractional area of the m phase as described above, (1 - (Y,,,) is the 
fractional area of the e phase, D, is the diffusivity of the e phase, and D,,, is the diffusivity 
of the m phase of the t!th layer. Equation A2 is Eq. 13 in the text. 
Similarly, the apparent distribution coefficient (~0 is shown by Eq. A9f of reference 
12 to be 
r=2 
Et = c EL. 
r=l 
(A34 
which is the sum of the distribution coefficients for each phase. Equation A3a may be 
written in an equivalent form (see Eq. 3a in ref. 12) as 
(-4%) 
in which E,,., is the fractional volume of the Lth phase and yL is the activity coefficient of 
the solute in this phase. Accordingly, I/y, would be the distribution coefficient for the 
pure (E,,., = 1) phase. As a convenience in the present report, l/y, and l/~,,~ may be defined 
as E, and E,,,, respectively, i.e., 
l/y,. = E,. (A3c) 
llr,,, = E,,, (A34 
in which E, is the distribution coefficient for a pure r phase and E,,, the distribution coef- 
ficient for a pure m phase. Moreover, if the structural configurations of the two phases 
in a given layer are virtually parallel, as they would be for an endothelial monolayer or 
for a layer representing the fenestrated internal elastica, then the fractional area of a phase 
(a,) equals its fractional volume (E,,.,). Therefore, under these conditions, (Y,,? and (I - 
(Y,,~) may be used to represent the corresponding fractional volumes (E,,,,,, and L,) required 
in Eq. A3b. With these simplifications, Eq. A3b becomes 
Et = [(I - %k,, + (Y,II~,~~lt, (A3e) 
in which E,. and E,,, are defined as the distribution coefficients for the respective pure 
phases, as described above. Equation A3e is Eq. 14 in the text. 
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Finally, the apparent convective velocity, Fr , is shown by Eq. AlOb in reference 12 
to be 
L=2 
Fr = 2 F,, 
L= I 
(A44 
which is the sum of the area-averaged convective velocities for the e and the m phases. 
Under special conditions (see Eqs. A8c and A8d in ref. 12), Eq. A4a may be written as 
in which fAl is the convective solute retardation coefficient and II,, the average water 
velocity through the Lth phase. Note that the velocity, vVL, also equals the water flux within 
the Lth phase, which may be related to the pressure gradient across the Qth layer by 
VU = - K,,(dP,lax), (A4c) 
in which K,, is the hydraulic conductivity coefficient and dP,/dx is the pressure gradient 
in the Lth phase, or, since the layer is uniform along & (the x coordinate system in the 
&h layer), Eq. A4c may also be written 
VU = Ku(P,IHr), (A44 
in which Pr is the pressure drop and Hc is the thickness of the &h layer. Substituting Eq. 
A4d into Eq. A4b for v,, gives 
which is Eq. 15 in the text. 
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